that the expression of 21 and 81 known genes significantly changed in TTX-sensing and TTX-administered juveniles in comparison with control juveniles, respectively. These genes included those related to feeding regulation and a reward system, and indicated that TTX ingestion of T. rubripes juveniles is controlled in the feeding center in the brain, that T. rubripes may sense TTX as a reward, and that accumulated TTX directly acts on the central nervous system to adjust TTX ingestion.
Introduction
Marine pufferfish of the genus Takifugu contain tetrodotoxin (TTX), which is one type of potent neurotoxin specific to voltage-gated sodium channels of excitable membranes of muscle and nerve tissues [1] [2] [3] . Matsumura [4] found that levels of this toxin in embryos of grass puffer Takifugu niphobles increase from fertilization to hatching, and concluded that TTX is produced by pufferfish. Other studies claimed that pufferfish accumulate TTX through the food chain [3, 5] , and that the TTX is originally produced by marine bacteria belonging to the genera Vibrio and Shewanella [6] [7] [8] [9] . The hypothesis that TTX in pufferfish is exogenous and is derived via the food chain is now widely accepted as artificially raised tiger puffer Takifugu rubripes became non-toxic when fed with non-toxic diets in an environment from which TTX-bearing organisms had been eliminated [10, 11] , and that such non-toxic T. rubripes are attracted to TTX [12, 13] and become toxic when they are fed TTXcontaining diets [14] [15] [16] .
Non-toxic fishes can detect TTX at very low levels by the gustatory system [17] . Once non-toxic fishes have ingested toxic eggs of pufferfish, they spit them out immediately [18] . It was also confirmed that non-toxic fishes die even when trace amounts of TTX are administered directly into their bodies [19] . These results indicate that non-toxic fishes can recognize and avoid TTX. In contrast, T. rubripes detects TTX via its olfactory system, actively ingests it [13] , then accumulates high amounts of it [10] . Recently, several proteins implicated in the toxicity of pufferfish have been reported. The skeletal muscle voltage-gated Na + channel in pufferfish gains TTX resistance by amino acid substitutions in the P-loop region of the proteins [20] [21] [22] . Pufferfish saxitoxin-and TTX-binding proteins (PSTBPs) that bind to TTX and paralytic shellfish toxins were isolated from the plasma of panther puffer Takifugu pardalis and also found in other Takifugu species [23, 24] . PSTBPs share high sequence homology (47%) with tributyltin-binding protein 2 (TBT-bp2) in Japanese flounder Paralichthys olivaceus [25] , suggesting that PSTBPs originated from TBT-bp2s. These findings suggest that pufferfish evolved to ingest TTX without recognizing TTX as a toxin.
Generally, the liver and ovary of wild T. rubripes adults are strongly toxic [26] . However, in the juvenile stage, TTX is detected not only in the liver but also in the skin and brain of wild T. rubripes [16, 27] . It was further confirmed that TTX was transported to skin and brain when TTX was administered to cultured non-toxic T. rubripes juveniles [27] . Since predation is a major cause of mortality in T. rubripes juveniles [28] [29] [30] , bearing TTX in the skin may function as a means of predator defense [16] . Therefore, it appears that pufferfish have evolved to utilize TTX for their survival, and do not recognize it as a toxin, to enable its uptake into their bodies. The accumulation of TTX in the brain [27] suggests that it passes through the blood-brain barrier and is transported to the central nervous system (CNS) of T. rubripes juveniles. Brain membranes of T. pardalis are harder to bind to saxitoxin that has the same Na + channel-blocking function as TTX than corresponding membranes of rat as skeletal muscle membranes including TTX-resistant Na + channel [20] . TTX may be functional in the brain of the pufferfish without blocking this Na + channel. Given these results, we hypothesized that T. rubripes juveniles sense TTX as a pharmacological agent, that accumulated TTX is physiologically functional in the CNS, and that some changes occur in the expression of genes associated with the sensing and action of TTX in the CNS. Next-generation sequencing technologies have recently greatly improved the speed and efficiency of transcriptome analysis in many organisms, including fishes [31] , and the availability of the whole genome sequence of T. rubripes allowed us to use this technique. We conducted transcriptome analysis by next-generation sequencing for the olfactory system and the brain of non-toxic cultured T. rubripes juveniles which sensed, or were administered, TTX.
Materials and methods

Experimental fish
Non-toxic cultured T. rubripes juveniles (about 5 months old; body length, 11.0 ± 0.5 cm; body weight, 37.7 ± 4.1 g; n = 150) were purchased from a private hatchery (Tawaki Suisan, Kumamoto, Japan) and were transported to the Research Center for Marine Invertebrates (National Research Institute of Fisheries and Environment of Inland Sea, Fisheries Research Agency, Momoshima, Hiroshima, Japan) in July 2014. The fish were fed commercial diets (Otohime EP3; Marubeni Nissin Feed, Tokyo) in an aerated 5000-l tank until TTX treatment.
Purification of TTX
TTX was extracted from the ovary of a wild-caught adult T. rubripes according to the method of Ikeda et al. [32] with a slight modification. The extract was partially purified with a Bio-Gel P-2 column (Bio-Rad, Hercules, CA) and the TTX absorbed by the gel was eluted with 0.05 M acetic acid. The TTX fraction was subjected to liquid chromatography-mass spectrometry (LC/MS) analysis on an Alliance LC/MS system equipped with a ZSpray MS 2000 detector (Waters, Milford, MA) according to Nakashima et al. [33] . The amount of TTX (nanograms) determined by LC/MS was converted to mouse units (MU) based on the specific toxicity of TTX (220 ng/MU). Purified TTX was dried and frozen at −80 °C until use.
TTX-sensing and TTX-administration treatment for T. rubripes juveniles
Preliminary tests [13, 27] elucidated that non-toxic cultured juveniles were generally attracted to TTX within 30 min of starting to smell it, and that TTX administered intramuscularly to the fish was transported to the brain at least 24 h after administration (unpublished data). Based on these results, the following methods were established. For the TTX-sensing treatment, three non-toxic cultured juveniles were placed in an aerated 30-l tank filled with 20 l fresh sand-filtered seawater for 30 min as the control, and three other non-toxic juveniles were allowed to sense TTX by immersing them into 200 MU (44 µg) TTX-containing seawater during the same period. For the TTX-administration treatment, 0.1 ml of saline (1.35% NaCl) as a control or 150 MU (33 µg) TTX solution dissolved in saline were administered in a single injection into the dorsal muscle of three other non-toxic cultured juveniles using a 1-ml disposable syringe (Terumo, Tokyo). Both groups of juveniles were immediately returned to the 90-l tank. Then, all fish were collected 24 h after administration. The control, TTX-sensing and TTXadministered juveniles were anesthetized on ice, the nasal region (olfactory epithelium and skin) and brain tissues were sampled and stored in RNA later (Qiagen, Valencia, CA) at −80 °C until use.
RNA extraction and cDNA library construction
Total RNA was extracted from the samples using the RNeasy Mini Kit (Qiagen) following the manufacturer's instruction. The RNA samples were treated with DNase I (Takara, Tokyo) to digest contaminating genomic DNA. mRNA was then isolated from total RNA with Dynabeads mRNA DIRECT Micro Kit (Life Technologies, Carlsbad, CA). mRNA samples were fragmented, reverse transcribed and amplified to make barcoded whole transcriptome libraries using Ion Total RNA-seq Kit version 2 (Life Technologies). Yield and size distribution of the fragmented RNA and the amplified cDNA were checked using an Agilent 2200 Tapestation with High Sensitivity RNA ScreenTape and High Sensitivity D1000 ScreenTape (Agilent Technologies, Palo Alto, CA) at each step. We performed a left size selection (< ca. 100 bp) with SPRIselect (Beckman Coulter, Krefeld, Germany) by using 1.2× volume of solid phase reversible immobilization reagent for the nasal-region samples. The average sizes of the amplified cDNAs were adjusted to be about 200 bp. The Ion OneTouch System with Ion PI Template OT2 200 Kit version 3 (Life Technologies) was used to prepare enriched, templatepositive Ion PI ion sphere particles.
Next-generation sequencing and data analysis
The cDNA libraries were sequenced with an Ion Proton System with an Ion PI Sequencing 200 Kit version 3 (Life Technologies) following the manufacturer's instructions. Sequencing results were imported into CLC Genomic Workbench7.5 (CLC bio, Aarhus, Denmark) as FASTQ files for further analysis. On CLC Genomic Workbench, the raw reads with a quality score < 0.05 were trimmed using the Trim Sequences tool. Reads shorter than 50 bp were discarded. De novo sequence assembly was carried out on all trimmed reads from all libraries using Trinity software [34] to generate contigs. Duplicated and highly similar sequences were removed by the software CD-HIT (version 4.5.6., option -c 0.9 [35] ). Expression analysis was performed with RNA-seq Analysis Tool of CLC Genomics Workbench for each library using the nucleotide sequences of predicted transcripts in the T. rubripes genome (FUGU version 4) cited from the Ensembl database and de novo assembled contigs as references, respectively. Parameters for read mapping were set as follows: length fraction 0.7, similarity fraction 0.95. Gene expression was represented as reads per kilobase of the exon model per million (RPKM). Cluster analysis based on the RPKM was performed by CLUSTER3.0 (http://bonsai.hgc.jp/~mdehoon/ software/cluster/software.htm#ctv) using Spearman correlation, and Java TreeView (http://jtreeview.sourceforge. net/) was used to visualize the clustering relationship. Differential expression analysis between the control and TTXsensing or TTX-administered juvenile samples was performed using R version 2.15.2 software (R Development Core Team 2008) package TCC with a false discovery rate <0.05 [36] . The homology searches of contigs detected as differential expression genes (DEGs) were conducted using BLASTX (e value 1e−5) against the National Center for Biotechnology Information non-redundant protein database. The DEGs assigned as unnamed protein products or uncharacterized proteins were excluded (termed "known DEGs" in this paper).
Results
Sequencing and de novo assembly of nasal region and brain tissue transcripts
Next-generation sequencing was conducted to generate expressed short reads from the nasal region (olfactory epithelium and skin) and brain of the control, TTX-sensing and TTX-administered T. rubripes juveniles. We obtained 66,971,623 reads (2, 192 ,000-3,325,000 reads/individual), with total nucleotides of 7,167,786,900 bp (231-364 × 10 6 bp/individual) ( Table 1) . Based on the reads, 153,958 contigs, with an average length of 648 bp, were assembled (Table 2) .
Read mapping and gene annotation
The sequence reads were mapped to the nucleotide sequences of predicted transcripts in the T. rubripes genome (FUGU version 4) cited from the Ensembl database and de novo assembled contigs to calculate the expression values. A hierarchical clustering analysis using the RNA-sequence (RNA-seq) data analyzed by mapping the T. rubripes genome revealed that, in the nasal region, the smaller and medium clusters tended to be formed among samples (control and TTX) and between the trial groups (sensing and administration), respectively, and that the larger clusters were formed between the tissues (nasal region and brain). However, the clusters were only formed in tissues by mapping the constructed contigs (Fig. 1) . The expression values were compared between the control and TTX-sensing or TTXadministered T. rubripes juveniles. Four known DEGs were detected under the TTX-sensing treatment compared to the control (19.0% of total number of DEGs) in the nasal region and 17 (25.0%) in the brain (Table 3 ). In the TTX-administration treatment, the number of known DEGs was 38 (37.3%) in the nasal region and 43 (35.0%) in the brain (Table 3) .
Expressed genes for TTX-sensing or TTX-administered juveniles
The distinctly expressed known DEGs in the nasal region of TTX-sensing juveniles showed no high [fold change (FC) >10] or low (FC < −10) expression levels, while in the brain, relatively high and low expression levels were observed in several genes such as those encoding (Table 6 ). In the brain, potassium voltage-gated channel subfamily b member 2-like (FC 11.85), sorbin and sh3 domain-containing protein 2-like (FC 10.09) and period homolog 3 (Drosophila) (FC −10.26) were detected ( Table 7 ). In addition, several known DEGs were detected in both the nasal region and the brain of T. rubripes juveniles, such as those encoding long-chainfatty-acid-CoA ligase 5-like under the TTX-sensing treatment (Tables 4, 5 ) and period homolog 3 (Drosophila), envelope polyprotein, period circadian protein homolog 2-like and lipocalin precursor under the TTX-administration treatment (Tables 6, 7 ). The vasoactive intestinal peptide (VIP) was down-regulated in the brain under both the TTX-sensing and TTX-administration treatments (Tables 5, 7 ).
Discussion
In this study, we compared the gene expression in olfactory and brain tissues among cultured T. rubripes juveniles, with or without TTX sensing and TTX administration, by transcriptome analysis using next-generation sequencing. Hierarchical cluster analysis of expressed genes was performed to assess the transcriptional pattern variation. RNA-seq data analyzed by mapping the T. rubripes genome revealed that, in the nasal region, the smaller clusters tended to form among samples (control and TTX), but the medium clusters tended to form between the trial groups (sensing and administration) for each tissue. These results indicate that the gene expression in olfactory and brain tissues of T. rubripes juveniles was affected by the operation and was not dramatically changed by the TTX treatment. However, a number of DEGs were detected under TTX-sensing and TTX-administration treatments compared to the control. Based on these DEGs, the following shows TTX sensing and the action of TTX in the CNS of T. rubripes juveniles.
TTX sensing of T. rubripes juveniles
In the nasal region (olfactory epithelium and skin) of TTXsensing juveniles, mitogen-activated protein 4 kinase 4-like isoform x2 gene, an inhibitor of adipogenesis [37] , was more up-regulated than in the fresh seawater-immersed control juveniles. In addition, a long-chain-fatty-acid-CoA ligase 5 (ACSL5)-like gene which plays a role in triacylglycerol (TAG) synthesis [38, 39] was up-regulated in TTX sensing. These results suggest that TTX sensing affects lipid metabolism in the nasal region of T. rubripes juveniles. However, the expression of genes related to olfaction was not changed by TTX sensing. Given that the cultured T. rubripes had not encountered TTX-bearing organisms, these results indicate that T. rubripes may instinctively sense TTX.
In the brain of TTX-sensing juveniles, ACSL5-like and hemoglobin embryonic subunit α-like genes were far more up-regulated than in control fish. ACSL5, which is involved in TAG synthesis [38, 39] , was also highly expressed in the nasal region of TTX-sensing juveniles, suggesting that
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Sensed_control3 TTX sensing particularly affects lipid metabolism in the nervous system. High expression of one kind of hemoglobin, which is involved in oxygen transport, suggests that neurological activity is promoted in the brain of TTXsensing T. rubripes juveniles. A peptide YY-like gene that has an appetite-regulation effect in fish [40] [41] [42] was downregulated by TTX sensing. In addition, VIP-like and TPA_ inf: tachykinin 1 genes which have a function as anorexigenic peptides in fishes [43, 44] were also down-regulated by TTX sensing. Tachykinins are also related to the dopaminergic system in mammals [45, 46] . In addition, Thy-1 membrane glycoprotein gene, which may modulate dopamine metabolism in mammals [47] , was down-regulated by TTX sensing. These results indicate that some changes might occur in the dopaminergic systems of TTX-sensing T. rubripes juveniles. Some studies have suggested the involvement of dopaminergic pathways in the central regulation of food intake in fishes [48] [49] [50] . Thus, TTX ingestion of T. rubripes juveniles is controlled by the feeding center in the brain, and T. rubripes juveniles might sense TTX as a reward.
Action of TTX in the CNS of T. rubripes juveniles
In the nasal region of TTX-administered juveniles, the extracellular superoxide dismutase gene, which protects the body from oxidative stress, was more highly up-regulated than in saline-administered control juveniles. This study demonstrated the up-regulation of receptor (chemosensory) transporter protein 4 (RTP4). RTP family members are probable chaperon proteins which facilitate trafficking and functional cell surface expression of some G-proteincoupled receptors such as odorant [51] and bitter taste receptors [52] , suggesting that RTP4 is expressed in the olfactory epithelium after TTX administration and acts as a transporting protein of the TTX-sensing receptor. A podocalyxin-like gene, which is known to be expressed in the developing brain of the mouse and plays multiple roles in neural development [53] , was the least down-regulated. In addition, this study demonstrated the up-and down-regulation of cyclin-dependent kinase inhibitor 1-like isoform x1, which is associated with olfactory epithelium regeneration [54] , and an immunoglobulin superfamily member 8-like gene, which facilitates olfactory sensory synapse formation [55] , respectively. In fishes, neurogenesis continues throughout life under the influence of environmental experience [56] . Synthesizing these results, we suggest that nerve cell renewal occurs in the olfactory system of T. rubripes under the influence of TTX in the olfactory epithelium. The expression of a PER genetic group, period circadian protein homolog 1-like isoform x1, period circadian protein homolog 2-like and period homolog 3 (Drosophila), in the center of the cellular clock [57] was specifically down-regulated by TTX administration. These results suggest that the biological rhythm of T. rubripes juveniles changed after they accumulated TTX in their bodies. The core feedback loop of clock genes accurately "ticks" every 24 h [57] . Thus, there was another possibility that the sampling times of juveniles was related to expression of the clock genes.
In the brain of TTX-administered juveniles, potassium voltage-gated channel subfamily b member 2-like gene, which mediates membrane hyperpolarization during trains of action potentials [58, 59] , was more up-regulated than in control fish. In addition, the expression of some genes, clathrin, light chain [60] , Src kinase signaling inhibitor 1-like [61] and synaptotagmin-c-like [62] , which may be related to the release of neurotransmitters, changed with TTX administration. Src kinase signaling inhibitor 1 is involved in the formation and maintenance of synapses during developmental processes of the brain [61] . Further, protein phosphatase 1B-like gene, which is involved in neurodegeneration [63] , was up-regulated by TTX administration. There are at least two main forms of neural plasticity: biochemical switching and structural reorganization [64, 65] . Neural plasticity aids in the adaptation and flexibility demanded by the diverse environments which fishes inhabit [66] . Non-toxic cultured T. rubripes juveniles have an inferior fear response compared to toxic wild juveniles, and an experimental release of Table 6 Genes that were up-and down-regulated in the nasal region (olfactory epithelium and skin) of TTX-administered T. rubripes juveniles analyzed by mapping the T. rubripes genome and contigs (FDR-corrected p-value <0.05)
For abbreviations, see Tables 1, 3 pufferfish into a pond with predators revealed that the survival of cultured pufferfish with no TTX was significantly lower than that of toxic wild juveniles [28, 29] . These results suggest that T. rubripes juveniles utilize TTX to adapt to their environment through the action of TTX in the CNS. This study demonstrated the down-regulation of a lipocalin precursor by TTX administration in both the nasal region and brain of T. rubripes juveniles. TBT-bp2 in the blood of P. olivaceus belongs to the lipocalin superfamily and shows high identity to PSTBPs of T. pardalis [25] . As T. rubripes also have PSTBPs [24, 67, 68] , the expression of the lipocalin precursor may change in relation to the accumulation of TTX in their body. Interestingly, in the brain of T. rubripes juveniles, VIP, which have a function as anorexigenic peptides in fish [44] , were down-regulated by not only TTX sensing but also TTX administration. The action of TTX regards the feeding center is not limited to only the time of TTX ingestion, as accumulated TTX also directly acts on the CNS, which adjusts TTX intake. In this study, we focused on the gene expression associated with TTX sensing and the action of TTX in the CNS of T. rubripes juveniles, but we did not examine the specificity of the fish with regards to TTX. Future studies are needed that use a different alkaloid, such as palytoxin, that is known to have an effect in other kinds of pufferfish [69] , to investigate whether gene expression and behavioral and physiological changes in T. rubripes juveniles are specific to TTX. Tables 1, 3 and 4 
